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Abstract: Quests for sustainability, food security and need to decouple food prices from fluctuating 
prices of finite fossil fuels are the drivers to sustainable processing and storage of agricultural products. 
Farming predominantly takes place in rural areas where conventional energy technologies may either be 
expensive or sometimes technically infeasible to be obtained. This necessitates deployments of 
renewable energy technologies to remote areas for sustainable power generation, cooling and drying of 
agricultural product. Renewable systems e.g. solar dryers, solar hybrid dryers, combined power and 
drying system take leading roles in sustainable drying of farm produce. A number of research studies 
have been carried out in the past one decade, which mainly concentrate on modelling, simulation and 
experiment of different sustainable drying techniques. Therefore, this paper mainly aims to present a 
state of the art review on the contributions of combined power and drying, application of phase change 
materials and hybrid drying systems with regard to agricultural products. Based on this comprehensive 
summarization, it is indicated that deployment of biomass powered combined heat and power systems 
might be a good solution to post-harvest wastes since both electricity and heat for drying of agricultural 
products can be simultaneously obtained. 
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Nomenclature 
General signs 
A Area (m2) 
C Specific heat (kJ·kg-1·K-1) 
E Energy (kJ) 
F Flow rate (kg·s-1) 
I Solar irradiance (W·m-2) 
LHV Low heat value (kJ·kg-1) 
P Pressure (Pa) 
Q Energy  (kJ·h-1) 
T Temperature (oC) 
W Feed rate (kg·h-1) 
X Moisture content (kg H2O·kg-1 dry material) 
Y Absolute air humidity (kg H2O·kg-1 dry air) 
Acronyms 
AD Anaerobic digestion 
CFD Computational fluid dynamic  
CFA Central African francs 
CHP Combine heat and power 
COP Coefficient of performance 
d.b. Dry base 
GHG Greenhouse gas 
HP Heat pump 
LCA Life cycle assessment 
LPG Liquid petroleum gas  
MOF Metal organic frameworks 
NPV Net present value 
NS Navier-Stokes  
ORC Organic Rankine cycle  
PCM Phase change material 
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PV Photovoltaic  
PV/T Photovoltaic and thermal  
RANS Reynolds-averaged Navier–Stokes 
RET Renewable energy technology 
TES Thermal enegy storage 
WHR Waste heat recovery 
w.b. Wet base 
Subscripts  
a Ambient  
c Collector  
d Drying 
ex Heat exchanger 
da Drying air 
f Final 
fw Fuelwood 
geo Geothermal 
h Heat 
i Initial 
l Latent 
o Outlet 
pc Phase changing 
sl Sensible and latent heat 
th Thermal 
w Water 
v Vapourisation  
Greek Signs 
∆H Latent heat (kJ·kg-1) 
µ Efficiency (%) 
ṁ Flowrate (kg·h-1) 
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1. Introduction  
Drying is the removal of moisture e.g. reducing water activity from a product, which could slow 
down the pace of deterioration and maintain the quality [1]. If agricultural product is dried to remove the 
maximum moisture with active nutrients remained, it can be safely preserved for many days [2]. It is also 
a process in which free water in the food is significantly reduced, thus leading to concentration of dry 
matter without damaging the tissue, wholesomeness and physical appearance of the food [3]. Heat and 
mass transfer within the material are involved in this drying process [4]. Sun drying is generally 
considered as a traditional method which is employed in most developing countries of the world [5]. 
Although this technology is cheap and freely available, the product is often subjected to uncontrolled 
long time drying period, exposure to contamination and low quality of dried products [6]. Therefore, 
outbreak of food born disease is an occasional challenge of smallholders’ farmers due to the growth of 
toxic fungi in sundried crops [7]. Comparably, modern drying systems are carried out under controlled 
conditions which could supply products with better quality. However, these systems are often not only 
expensive but also highly energy intensive [8]. Meanwhile, present global food demand brings about 
increasing use of fossil fuels in all stages of food chain. Statistics indicate that by 2030 global demands 
for energy and food are expected to be increased by 40% and 50% [9, 10]. At the moment, about 95 EJ 
of energy is being consumed annually in food sector. High and low GDP countries account for 50 EJ and 
45 EJ with regard to their different compositions of energy usage as illustrated in Fig. 1 [11]. Considering 
environmental concerns and finite nature of fossil fuels, it is necessary to further reduce energy 
consumption in food sector, which is able to decouple food prices from the unstable and increasing prices 
of fossil fuels [12]. Thus, it is desirable to use renewable energy for the drying of agriculture products. 
 
 
Fig. 1. Global energy usage in food sector [11]. 
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Deployment of renewable energy technology (RET) in food drying is regarded as a good approach 
since renewable energy is continuously replenishing energy source [13]. It could be directly derived from 
sun e.g. thermal, photo-chemical, photo-electric effect, indirectly from sun e.g. wind, hydropower, 
photosynthetic energy in biomass, and other natural environmental movements or mechanisms e.g. 
geothermal and tidal energy [14, 15]. Hence, energy from fossil fuel and its derivatives are not adopted. 
These energy sources are able to be transferred into various energy forms in terms of electricity, heating 
and transport fuels by RET [16]. Also worth noting that more than 3000 times the current global energy 
demand can be produced from renewable energy sources [17]. Therefore, there is need to consciously 
increase the share of these renewable energies in the global energy mix. At the moment, most rural areas 
particularly in the global south lack access to modern energy on which adoption and operation of 
sophisticated dryers depend. Besides, most of these rural areas, whose occupants are predominantly 
subsistence farmers, are either too far from the main cities or topographically challenging to be connected 
to the centralised national grid. Thus these reasons result in drivers to the use of renewable energy in the 
post-harvest drying of agricultural products [18]. A sustainable drying refers to the drying of agricultural 
product with little or no fossil fuel input. Alternative fuels or energy sources are used to realize 
agricultural product drying, which could reduce impact of food drying on the environment [19]. In spite 
of some barriers, RET has been predicted to be a suitable strategy for food drying which brings some 
benefits such as low cost, high efficiency, increasing employment opportunities, etc. [20]. Two main 
research approaches to sustainable food drying are presented as follows [21]: 
[1] Improving the efficiency of the dryer, which may be achieved through insulation, heat recovery, 
recirculation and altering operating constraints of the systems. 
[2] Improving or substituting the system’s energy supply by using combined heat and power (CHP), 
biomass derived fuels and other renewable energy sources. 
Based on the above approaches, drying can be sustainably achieved by means of solar system, 
biomass units, geothermal system, waste/recovered heat or combination of two or more systems i.e. 
hybrid drying [22]. It is recognized that drying technologies have been extensively investigated while 
many of these studies have been reviewed particularly in terms of drying heat sources, configurations 
and optimisations especially from both experimental and modelling perspectives. However, to the best 
of authors’ knowledge, less research studies about sustainable drying of agricultural product have been 
well summarized, especially in context of smallholder’s farmers. The strategy to sustainable drying is 
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presented in Fig. 2, which also reflects the research scope of this paper in terms of two main approaches. 
It is worth noting that the main lines of this review will focus on hybrid drying systems and waste heat 
recovery for food drying. Hybrid drying systems concentrate on solar combined with other technologies 
e.g. biomass drying, heat pump, etc. and solar integrated with heat storage systems as indicated in dashed 
area, which aim to overcome the deficiencies of single renewable drying system [23].  
There exist previous review works on solar dryers: modelling techniques [24]; solar drying 
technologies [25]; solar greenhouse drying [26]; economic and environmental aspect of solar drying [27] 
and solar system with latent heat storage [28, 29], separately. However, most of these studies focus on 
solar drying technology while review works on solar hybrid systems, waste heat recovery for crop drying 
and economic analysis of these integrated systems are scanty. Hence, it is aimed to be a “one stop shop” 
based on the recent studies regarding aforementioned aspects of crop drying, and some representative 
case studies are presented. The overarching framework of this paper is elaborated as follows: The physics 
of drying is presented in section 2. Three drying fields are introduced in sections 3, 4 and 5, in which 
section 3 and 4 are drying technologies while section 5 is heat storage part. Then effects on product 
quality by using different drying methods are compared in section 6. Modelling approaches used for 
sustainable drying are discussed in section 7 followed by exergy analysis in section 8 and economic 
evaluation in section 9. The environmental impact of sustainable drying is discussed in section 10. 
Eventually the conclusions are presented in section 11.  
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Fig. 2. Strategies to sustainable food drying [authors]. 
 
2. Physics of renewable energy drying 
The primary aim of food drying is to lower water activity of the food to a level where microbial 
growth and reaction rate is slowed (typically less than 0.6). Two guiding principles of drying are as 
follows [30]: (1) Heat transfer to supply the required latent heat of vaporization; (2) Movement of water 
or water vapour through food material and its subsequent separation from the food.  
Drying is mostly achieved through air drying, vacuum drying or freeze drying [31]. In either of the 
above method, drying is achieved by taking advantage of different states of water and vapour pressure. 
The main interest of this study lies in air drying due to the fact that it is the most widely used drying 
approach [32]. Another reason is because convective dryers are always based on this mechanism and 
they represent the predominantly used dryers by the smallholder farmers who account for over 70% of 
570 million farms worldwide [33].  
Drying kinetics are frequently used to describe the microscopic and macroscopic mechanisms of 
mass, heat and momentum transfer during the drying process. It is greatly influenced by factors such as 
thermodynamic conditions, types of dryer and physiognomies of the materials being dried [34, 35]. Thus, 
drying kinetics can be used in the choice of the appropriate dryer and operating conditions for agricultural 
produce since the kinetics account for the removal of moisture and the influence of other variables. The 
removal of moisture in food with respect to the time is illustrated in Fig. 3 which is generated by plotting 
moisture loss against drying time. At the beginning of drying (initial period), the food sample comes in 
thermal equilibrium with the drying chamber after which the external moisture in the food begins to be 
removed (constant drying rate). Drying at this stage is mostly influenced by the drying conditions: air 
temperature, velocity and relative humidity. This continues until the critical moisture content is reached 
after which falling rate period begins. Rather than drying conditions, drying is diffusion dependent. Food 
particle size and matrix play significant roles at this stage [36].  
Therefore, drying dynamics at each of the aforementioned stage are either influenced by the driving 
force which is a function of energy sources or drying diffusion which is a function of the agricultural 
product’s tissue matrices. Details of the former in relation to energy sources are briefly discussed. The 
frequently adopted energy efficiency is related with the energy used for moisture evaporation at the 
material feed temperature which is illustrated in Fig. 4 [37]. W, T, Y, F, X and Qh symbolise air flow rates 
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(kg·s-1), temperature (oC), absolute air humidity (kg H2O·kg-1 dry air), feed rate (kg·h-1), material 
moisture content (kg H2O·kg-1 dry material) and energy supplied to the drying air (kJ·h-1), respectively.  
 
Fig. 3. Food drying curve [36]. 
 
 
Fig. 4. Representation of the convective dryer [37]. 
 
The general thermal efficiency of the dryer can be evaluated as equation 1 
𝝁 =  
𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛
𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
                                     (1) 
However, total energy supply to the dryer i.e. summation of the latent energy of the ambient air is 
mainly influenced by the later operating process which is determined by energy sources such as biomass, 
biogas, solar, geothermal or recirculation. Efficiency assessment methods of some natural convective 
systems are presented in Table 1. 
 
Table 1. Thermal efficiencies of convective dryers using different energy sources. 
Energy source Efficiency analysis References 
Solar dryer 𝜇𝑡ℎ =
ṁ𝑤𝑙𝑣
𝐴𝑐𝐼
×  100% [38, 39]  
Biogas 𝜇𝑡ℎ =  
ṁ𝑤𝑙𝑣
ṁ𝑏𝑖𝑜𝑔𝑎𝑠 × 𝐿𝐻𝑉𝑏𝑖𝑜𝑔𝑎𝑠  × 𝜇𝑏𝑖𝑜𝑔𝑎𝑠 𝑠𝑡𝑜𝑣𝑒
×  100% [40]  
Biomass 𝜇𝑡ℎ =
ṁ𝑤𝑙𝑣
ṁ𝑓𝑤 × 𝐿𝐻𝑉𝑓𝑤  × 𝜇𝑓𝑤−𝑠𝑡𝑜𝑣𝑒
× 100% [41]  
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Geothermal 𝜇𝑡ℎ =
ṁ𝑤𝑙𝑣
𝑄𝑔𝑒𝑜𝜇𝑒𝑥
×  100% [42, 43]  
 
3.  Hybrid drying 
Sun acts as the heat source for solar drying. It can be achieved through natural sun drying where 
materials are placed under direct sunlight without shielding from the unfriendly climatic conditions [44]. 
It is widely acknowledged that solar drying could be classified into direct drying and indirect drying [45]. 
For direct solar drying, materials are placed in a container, which are covered with a transparent plastic 
or glass and dried by solar irradiation absorbed through the cover. In regard of indirect drying, the air is 
heated by solar energy and subsequently used in drying or mixed drying which involves the combination 
of solar radiation incidence and heated air for materials drying. Due to time discrepancy of solar energy, 
drying is characterized as discontinuous operation in case of sunsets or on cloudy days. Thus, a major 
deficiency of solar drying systems is its intermittence, which inevitably has a negative impact on the 
quality of dried products [46, 47]. Comparably, hybrid solar systems could solve this problem by utilizing 
either an additional source of heat energy or thermal energy storage (TES).  
For different energy sources, Lopez-Vidane et al. [48] studied a solar-liquid petroleum gas (LPG) 
hybrid dryer. The experiments were performed with tomato while the dryer was operated under the 
condition of LPG, solar and hybrid mode, respectively. Results demonstrated that drying efficiency and 
drying times are 45% with 15 hours, 15% with 28 hours and 33% with 18 hours under the condition of 
LPG, solar and hybrid mode. Compared with LPG system, the reduced efficiency in hybrid mode was 
attributed to the system’s intermittence. A typical solar-desiccant hybrid dryer was studied by Misha et 
al., which was indicated in Fig. 5 [49]. Hot water was then used for the generation of desiccant. Electrical 
heater was also added to the system which was used as the supplementary when there was no sunlight. 
It was demonstrated that the drying time was reduced from 20.75 h to 15.75 h i.e. about 24% by using 
this drying system.  
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Fig. 5. A typical solar-desiccant hybrid dryer [49]. 
 
Solar photovoltaic (PV) and solar thermal collectors had equally been combined with heat and 
electricity storage for hybrid dryer to offset the shortcomings of solar systems. Ceylan et al. [50] designed 
a solar photovoltaic and thermal (PV/T) system in which a spherical shaped material was filled with 
paraffin wax. The system was covered with PV cells and placed at the focal point of a rectangular solar 
collector. The spherical cells were then placed on a box that house fan and gel accumulator (electrical 
storage). The box was subsequently placed on the greenhouse dryer. Heat generated by solar concentrator 
was used to heat the drying air and also stored in paraffin wax. Electric energy produced by PV cells was 
used to drive drying air while part of the electricity was also stored in the gel accumulator. This 
arrangement ensured continuous drying even without sunshine. However, the overall thermal energy gain 
was observed to be inversely proportional to solar radiation. This phenomenon was more pronounced 
during falling rate period when additional energy does not enhance proportional rate of moisture removal. 
This was because migration rates of bonded water from the cells of drying agriculture product becomes 
lowered during this time, and addition of energy from sunlight does not translate to an equivalent rate of 
water evaporation. In addition, drying air recirculation has been found to be an effective mean of reducing 
the effects of solar energy intermittency for the drying of some crops when using solar dryers. Mokhtarian 
et al. [51] investigated the effects of drying air recirculation on the drying rates and quality of pistachio 
nuts. Drying was performed under shade, sun drying, solar drying, and recirculation solar drying. Drying 
times of 48, 19, 16, 13 hours were reported for the aforementioned drying modes. It was found that air 
recirculation reduced drying time by 19%. The nuts dried with air recirculation had the lowest shrinkage, 
colour change and shell splitting with the highest sweetness and roasting flavour remained. The recovered 
heat from flue gas of a biomass-solar hybrid dryer was used by Yassen and Al-Kayiem to power a 
supplementary dryer for drying red chilli [52]. Drying efficiency was then increased from 9.9% to 12.9%.  
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A innovative 5 tons solar-biomass hybrid dryer was constructed and accessed for maize as indicated 
in Fig. 6 [53]. The dryer utilized greenhouse effect for drying and air circulation was ensured with the 
use of a solar PV powered fan. Corn cobs were used in the drying furnace which heated the drying air 
via a heat exchanger. Circulation was aided with the use of another solar powered blower. The dryer was 
capable of drying 12,923 bags of maize per year and had a payback period of 2 years. Similarly, Borah 
et al. [54] assessed a hybrid solar-biomass convective dryer for drying turmeric (Curcuma Longa L). A 
compound parabolic solar collector with partial sun tracking was used on one side while the other side 
comprised of a detachable biomass combustion chamber. A wind turbine was fixed over the drying 
chamber to enhance air circulation. Temperature inside the dryer was observed to vary between 55oC 
and 60oC. The dryer was able to dry turmeric from the initial moisture content of 831.09% dry basis 
(d.b.) to 6.68% in 14 hours as against 25 hours recorded for the open sun drying.  Moreover, drying of 
turmeric in the integrated drying system had little effect on the curcumin content of the turmeric.  
In the same vein, Amer et al. [55]  investigated a hybrid electric heater-solar dryer equipped with 
water storage. The system was mainly solar driven but assisted with electric heater which was used after 
sunset or bad weather days. The use of water storage ensured continuous drying after sunset.  During 
storage water mode, if temperature of the drying air was not enough to provide the expected temperature 
gradient, the electric heater was used to complement it. Besides, about 65% of the drying air was 
recirculated to enhance the system’s efficiency. The dryer was able to reduce the moisture content of 
banana from 82% to 18% wet base (w.b.) in 8 hours while a similar experiment under open sun drying 
had 62% moisture content after 8 hours of drying.  
 
 
Fig. 6. Solar-biomass hybrid grain dryer [53]. 
 
Some recent works on the sustainable hybrid drying systems for agricultural products are selected 
and presented in Table 2. It is worth noting that most selected studies of hybrid drying for agricultural 
1. Biomass furnace 
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3. Solar PV system 
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product focus on reduction of drying times, which are at least reduced by 15%. Comparably, some scanty 
studies also combine quality assessment with energy efficiency. Most of these works seem technically 
feasible, but affordability and reliability in context of poor rural dwellers remain challenging. The pace 
of deployment for these drying techniques in rural areas is very slow. Thus, more research studies are 
desirable to be concentrated on cheaper, reliable and affordable drying systems when considering the 
agricultural product drying in rural areas. Most hybrid dryers studied incorporate LPG or electric heaters. 
It is quite difficult to obtain LPG in most isolated communities. Even if LPG is available, it is always too 
expensive to be used for a profitable drying. 
Besides, most rural settings do not have regular supply of electricity. A suitable solution would have 
been the use of electricity generated from renewable sources. Electric heaters are still big consumers of 
electricity and their requirements may be difficult to meet with the current costs of renewable energy 
systems. Therefore, deployment of LPG and electric heaters may be greatly limited by these factors. 
Increased efforts on sustainable biomass based heat source could be a viable option for remote 
communities. This will also help to reduce carbon emissions associated with the use of fossil fuels which 
is of global concern in reducing trends of climate change. 
 
Table 2. Selected studies on sustainable hybrid solar drying for agricultural product. 
Drying method Agro-product Research findings Ref. 
Solar with latent heat 
storage 
Mint leaves 
Drying continues 5-6 hours after sunset; 
Payback period is less than two years. 
[46] 
Solar-LPG Pineapple 
Drying times are reduced from 8.0-8.8 hours to 
6.0-6.8 hours. 
[56] 
Solar-LPG Tomato 
Drying times of 15 hours, 28 hours and 18 
hours are noted for LPG, solar and hybrid mode 
respectively. 
[48] 
Solar-desiccant-electric 
heater 
Kenaf core 
fibre 
Drying time is reduced by 24%. [49] 
Solar PV/T with TES 
system 
Spinach 
leaves 
Drying continues several hours after sunset; 
Paraffin wax ensures the reduced temperature 
rise of PV units. 
[50] 
Biomass-solar Cashew nut 
Drying is completed in 7 hours with forced 
hybrid system with system efficiency of 5.08%; 
Drying time of 9 hours with 3.17% is recorded 
for natural convection. 
[57] 
Solar-water storage Tomato 
Time savings of 56.25% is for the hybrid solar 
dryer when compared to sun-drying. 
Compared with commercially available dried 
tomato available in the market, better quality is 
obtained especially in terms of ascorbic acid, 
lycopene and flavonoids contents. 
[58] 
Solar-electric heater Tomato 
Use of solar energy results in 6.6-12.5% energy 
savings. 
Non-enzymatic browning, Maillard reaction 
[59] 
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and lycopene degradation are observed in the 
dried tomato. 
Solar-biomass Yam chips 
Drying rate of 0.0142 kg·hour-1 is recorded for 
the hybrid mode when compared with 0.00732 
kg·hour-1 noted for single mode. 
[60] 
Solar-biomass 
Okra, 
groundnut and 
yam chips 
Efficiency of the dryer varies with crops dried; 
Energy efficiency varies from 0.23% to 16.04% 
for okra, groundnut and cassava chips drying. 
[61] 
Solar dryer with air 
recirculation 
pistachio nuts 
Air recirculation produces better product     
quality; Drying time is reduced by 19%. 
[51] 
Heat recovery from a 
hybrid solar-biomass 
convective dryer 
Red chilli Drying efficiency is from 9.9% to 12.9%. [52] 
Solar-biomass hybrid 
dryer 
Maize 
It can dry 12,923 bags of maize per year with 2 
years payback period. 
[53] 
Solar-biomass wind 
turbine hybrid dryer with 
partial tracking 
Turmeric 
55-60oC is observed inside the drying chamber; 
Moisture content is reduced from 831.09% 
(d.b.) to 6.68% in 14 hours against 25 hours 
observed for the open sun drying. 
[54] 
Electric heater-solar dryer 
with air recirculation 
Banana 
Moisture content is reduced from 82% to 18% 
(w.b.) in 8 hours when compared to 62% 
moisture content for open sun drying. 
[55] 
 
4. Waste/Recovered heat for food drying 
Another approach that has been extensively researched in sustainable drying of agricultural product 
is the use of waste or recovered heat. The heat that would have been lost through exhaust or cooling 
system could serve as an excellent source of heat for drying if the heat could be recovered. Such system 
is called cogeneration i.e. CHP or tri-generation system when combined with cooling units [62]. Some 
case studies are presented as follows: Aziz et al. [63] redesigned an existing rice milling plant where its 
kerosene burner was replaced with the recovered heat exhaust gas from a 120 kVA diesel engine. The 
new configuration was able to dry 2 tons of paddy rice at 53oC in 8 hours. Samadi et al. [64] also 
investigated the application of CHP system for drying of apple slices, and a typical schematic was 
demonstrated in Fig. 7. Exhaust gas of a 2 kW natural gas driven engine was used for drying apple slices 
with the thickness of 3 mm, 5mm and 7 mm, respectively. Drying process was conducted under 
conditions of 25%, 50%, 75% and 100% engine load. It was found that the minimum specific energy 
consumption could be obtained at 75% engine load and 3 mm product’s thickness. This could be mainly 
attributed to the lower exhaust heat and reduction of air/fuel ratio for complete combustion at 25% and 
100% engine load. Thus, the highest energy efficiency of the system was 16% at 75% engine load.  
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Fig. 7. Experimental set up of CHP for drying of apple slices [64]. 
 
Similarly, a 1.6 kW gasoline engine powered flat deep bed dryer was assessed by Basunia and Abe  
[65]. Waste heat from the engine’s cooling system was used to heat up drying air. The recovered heat was 
enough to supply 3.15 MJ·kg-1 energy required for moisture removal. Consequently, the configuration 
was able to dry 480 kg of paddy rice per batch of 22 hours even during rainy days when humidity is 
relatively high. Akhte et al. [66] similarly investigated a cross-flow heat exchanger for heat recovery 
from exhaust gas of a diesel engine. Ambient air was used for heat recovery and subsequently adopted 
for drying the paddy rice. The designed system was able to reduce the moisture content from 26.1% to 
15% within an hour drying to 6.6 kg paddy rice. 
By using diesel and biogas dual fuel, Cacua et al. [40] experimentally examined a tri-generational 
system for cooling, drying and power as indicated in Fig. 8. Heat was recovered from engine’s exhaust 
and used to drive an absorption refrigeration unit and a convective tray dryer, which was used for drying 
peppermints. At the engine’s full load, improved energy efficiencies of 40% and 31% were reported 
under the conditions of diesel and dual fuel mode, respectively. It is significant improvements when 
compared with 23% and 18% obtained when the system is operated under single generation mode. Also 
worth noting that a maximum 50% diesel substitution was achieved. Elisante et al. [67] studied a fish 
cabinet dryer that was driven with heat from waste oil burner. The dryer consumed 2.4 L·hour-1 of waste 
engine oil, which was capable of drying 1 ton·day-1 of fish at 250 kg·batch-1 during 2 hours drying process. 
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Fig. 8. Experimental set up for a combined cooling, drying and power generation system [40]. 
 
A combined cooling and drying system was evaluated by Sivakumar et al. [68], and a 10.5 kW 
vapour absorption ammonia-water chiller was adopted. Heat was recovered from the exit of absorber and 
condenser with a temperature from 43oC to 53oC, which was subsequently used as heat input for a 5 
kg·hour-1 vertical bin grain dryer. The dryer was used to dry Nylon Sago, and COP of the combined 
system reportedly varied from 1.4 to 1.8 depending on the temperature of heat sink. Luo et al. [69] 
investigated retrofitting of Dengwu geothermal power plant using heat recovery. The proposed 
configuration utilised recovered heat for space cooling and drying of longan fruits. The discharged 
geothermal waste water at 72oC was used to drive a LiCl-H2O absorption system for cooling as well as 
heating of drying air for a re-circulatory cabinet dryer. Payback time of the retrofitting was evaluated to 
be 1.85 years while the system efficiency was increased from 3.73% for single flash to 24.6% for the 
integrated system. Table 3 illustrates some selected research studies on the combined power and drying 
systems by using various recovered heat sources. It is widely acknowledged that CHP is a matured 
technology that is capable of delivering not only electricity to the rural households but also heat for 
domestic use and processing of agricultural products. To achieve poverty reduction, food security and 
clean energy delivery as entrenched in the sustainable development goals, provision of clean energy must 
be synchronised with basic food processing and preservation. This is achievable with CHP technology. 
Unfortunately, it has not been given enough attentions in this regards. Therefore, design optimisation, 
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technical evaluation and socioeconomic analysis of combined cooling, drying and power generation 
systems need to be valued. Importantly, more research studies are required to be carried out based on 
policy guidance, requirements and matching the specific needs of different local settings.  
 
Table 3. Recent works on combined power and drying systems. 
Drying method Agro-product Remarks Ref. 
Biomass (Corn 
Stover)  CHP 
Corn grain 
20-year net present value (NPV) cost saving is $65,523 
with 14.3 years payback period noted for small dryer; 
Positive NPV with 7.5 years payback is for a bigger 
dryer. 
[70]  
Biomass (cassava 
waste) gasification 
Cassava flour 
processing 
Positive NPV and payback period is less 3 years for 
gasification. 
[71]  
Diesel CHP Paddy rice 
Moisture content of 6.6 kg paddy rice is reduced from 
26.1% to 15% in 1 hour. 
[66]  
Diesel CHP Paddy rice 2 tons of paddy rice are dried at 53oC in 8 hours; [63]  
Diesel-biogas dual 
fuel tri-generation 
Peppermints 
Energy efficiency of 40% and 31% are stated for single 
and dual fuel mode. 
Maximum diesel substitution of 50% is recorded; 
[40]  
Gasoline CHP Paddy rice 
Recovered heat supplied is required 3.15 MJ·kg-1 for 
drying; 480 kg of paddy rice per batch of 22 hours is 
dried. 
[65]  
Geothermal power 
plant retrofitting 
Longan fruit 
Payback period of 1.85 years is noted; 
Efficiency is increased from 3.73% to 24.6%. 
[69]  
Heat recovery from 
the condenser and 
absorber units of 
10.5 kW ammonia-
water chiller 
Nylon sago 
Exit air temperature from absorber and condenser varies 
between 43oC and 53oC and is able to dry 5 kg·hour-1 of 
nylon sago. 
COP varies between 1.4 and 1.8 which is dependent on 
ambient temperature. 
[68]  
Low grade heat 
from a power plant 
Wood pine 
Waste heat from a 100 MW power plant is used to dry 
wood pine chips for a subsequent 40 MW plant. 
Payback period is less than 3 years but subject to fuel 
prices. 
[72] 
Natural gas CHP 
system 
Apple slices 
The highest system’s efficiency could reach 16% 
increment at 75% engine load. 
[64]  
Waste black oil Fish 
The dryer is able to dry 1 ton·day-1 of fish at 250 
kg·batch-1 of 2 hours drying time. 
[67] 
 
5. Phase change materials used for food drying  
Shortcomings of some renewable energy technologies such as solar systems which suffer from 
intermittency, irregularities of electricity availability in some regions and quest for systems efficiency 
are some of the drivers to the adoption of TES.  TES is essential and effective to many RET systems 
since it has the ability to adjust temporal mismatches between loads and variable energy sources [73]. 
TES can be generally divided into sensible heat, latent heat and thermochemical reaction, which store 
heat in well-insulated fluids or solids as a change in internal energy [74]. In spite of high energy density, 
thermochemical energy storage is rarely applied in the drying of agriculture products due to its unstable 
and uncontrollable characteristics [75]. Many research studies have been carried out on sensible heat 
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storage for food drying. However, the limitations of sensible heat storage are the relatively low energy 
density and requirements of large heat storage volume [76]. Comparably, latent heat storage by using 
phase change material (PCM) could be a compromise for RET drying of agriculture products. Thermal 
energy transmission takes place in PCMs when the materials change from solid to liquid, from liquid to 
gas, etc. [77]. The stored heat has been extensively researched in drying of agricultural products which 
has been proved to, not only reduce the effects of fluctuating natures of renewable energy systems, but 
also control and stabilise drying temperature. PCMs are able to store 5-14 times more heat per unit 
volume than that of sensible heat storage materials, which further reduce the volume in real application 
[78]. Heat stored by a PCM can generally be expressed as equation 2 [79]. 
𝑄𝑠𝑙 = ∫ 𝐶sd𝑇 + ∆𝐻l + 
Tpc
Ti
∫ 𝐶ld𝑇
Tf 
Tpc
                                             (2) 
where Qsl is the sensible and latent heat stored by the material, Cs is the average specific heat between T1 
and Tpc, Cl is the average specific heat between Tpc and T2, ∆Hl is the latent heat of fusion during phase 
changing process while Ti, Tpc and Tf represent the initial, phase change and final temperatures, 
respectively. 
In regard of PCM for food drying, phase changing temperature should be much higher. Thus, PCM 
for the drying of agriculture products could be generally classified into paraffin and non-paraffin 
materials e.g. hydrates. Due to good properties of paraffin such as high safety and reliability, low cost 
and non-corrosive, it is still taking a leading role in RET drying for agriculture products. Some 
representative examples are further illustrated as follows: Pati et al. [80] studied usage of paraffin wax 
as TES material for the drying of ginger slices. As presented in Fig. 9, biomass was burnt on the furnace, 
and heat being carried away by the flue was recovered for drying and partially stored in PCM. The dryer 
was able to reduce the moisture content of 2 mm ginger slices from 88-90% (w.b.) to 11-12% in 5.5 hours. 
It was demonstrated that PCM could reduce the quantity of biomass and control drying temperature. The 
quality of dried ginger was better by using PCM. Similarly a novel crop dryer was studied by Jain and 
Tiwari [46] for drying of leafy herbs which was illustrated in Fig. 10. The dryer was composed of flat 
plate solar absorber, packed TES bed containing 50 kg PCMs and drying chamber. It was observed that 
temperature inside the drying chamber was 6oC above ambient temperature 5-6 hours after sunset while 
the rate of return and payback period were 65% and 1.57 years, respectively.  
Using paraffin wax for solar TES, a solar-electric resistance hybrid dryer with 70-80% drying air 
recirculation was examined for mushroom drying by Alejandro et al [81]. The use of PCM reportedly 
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resulted in 10-21% reduction in electrical energy. Furthermore, an indirect solar dryer with PCM for heat 
storage was experimentally investigated by Shalaby and Bek [82] for drying of Ocimum Basilicum and 
Thevetia Neriifolia. Compared with ambient temperature, a temperature increase of 2.5-7.5oC was 
recorded 5 hours after sunset in the system with energy storage. Besides, Berroug et al. [83] examined 
the use of CaCl2·6H2O for a north wall thermal storage greenhouse dryer in Marrakesh climate. The 
findings indicated that a 6-12oC higher temperature can be obtained at night time by using 32.4 kg of 
PCM per square meter of the greenhouse ground surface area.  
 
  
(a) (b) 
Fig. 9. Biomass dryer with PCM (a) sectional view of the natural conventional dryer; (b) isometric 
view of the natural conventional dryer [80]. 
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(b) (c) 
Fig. 10. Flat plate solar crop dryer with TES (a) schematic of the system; (b) photo of the system 
PCM ; (c) photo of packed PCM bed and drying trays [46]. 
 
Some selected works on drying of agricultural product by using PCMs are summarized in Table 4 
with regard to investigation method, PCM and research findings. Thermal analysis, simulation and 
experiment are investigated separately or jointly. Paraffin wax and hydrates could be candidates for food 
drying. Some desiccants e.g. silica-gel or zeolite are also included in this table for comparison, which 
could be classified into chemisorption energy storage. It is demonstrated that the use of PCMs can 
improve the overall quality and efficiency of food drying. Currently, sensible heat storage could be a 
candidate if the required volume and mass are not limited. Considering PCMs, more novel materials 
should be developed for the drying of agriculture products. Some other water sorbents e.g. metal organic 
frameworks (MOF) could also be attempted for chemical TES. The combination of these TES 
technologies is also feasible in the future. 
 
Table 4. Summarization of some selected works on food drying by using PCMs. 
Investigation &dry 
methods 
Agro-product PCM Research findings Ref. 
Experiment& 
Indirect forced 
convection 
Sweet potato Paraffin wax 
The energy savings are 40% and 34% with 
inlet ambient air velocity of 1 m·s−1 and 2 
m·s−1, respectively. 
[84] 
Simulation& 
Greenhouse dryer 
Plants CaCl2·6H2O 
Air temperature of 6-12°C is increased at 
night; 10-15% relative humidity is reduced. 
[83] 
Experiment& 
Indirect solar dryer 
Ocimum 
Basilicum 
&Thevetia 
Neriifolia 
Paraffin wax 
Temperature of drying air is increased by 
2.5-7.5°C up to 5 h after sunset with PCM. 
[82] 
Thermodynamic 
analysis&Indirect 
solar dryer 
Garlic cloves _ 
The moisture content of garlic cloves is 
reduced from 55.5% (w.b.) to 6.5% (w.b.) 
for 8 h. 
[85] 
Experiment& Crop _ Thermal efficiency is 28.2%; Payback time [46] 
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Indirect solar dryer is 1.5 year. 
Experiment& 
Hybrid solar dryer 
Mushrooms Paraffin wax 
Moisture content is 1.91 (d.b.). Thermal 
efficiency fluctuates from 10% to 21%. 
[81] 
Experiment& 
Natural convection 
solar dryer 
Ginger Paraffin wax 
The overall thermal efficiency of solar dryer 
could reach 22.7%. 
[86] 
Experiment& 
Indirect forced 
convection 
Green peas 
and pineapple 
slices 
Desiccant 
The inclusion of reflective mirror on the 
desiccant bed increases the drying potential 
by 20%. 
[87] 
Experiment& 
Continuous solar 
dryer 
Cocoa beans 
Hydrates& 
Molecular 
sieve 
The highest temperature of drying chamber 
varies from 40°C to 54°C, which is 9-12°C 
higher than ambient temperature. 
[88] 
 
6. Effect of different drying methods on quality of agriculture products 
Crop drying is to ensure an increased shelf life of a material while maintaining its wholesomeness 
as much as possible. Most drying approaches are usually related with quality evaluation of the materials 
to access the impacts of drying method on taste, colour, texture, nutritional functions and other 
organoleptic qualities of food. Hence, balance must be sought between product quality and energy usage 
since both are quite significant in the drying process [89]. However, there exist conflicting evidences on 
quality acceptability of hybrid systems dried agricultural products. Hussein et al. [90] conducted 
functional and sensory analysis of tomato which was dried with a hybrid solar dryer, direct solar dryer 
and open sun drying. It was also compared with dried tomatoes obtained from the market. Analysis of 
wettability, water absorption index, solubility index, bulk density and organoleptic properties 
demonstrated the superiority of hybrid dried samples. Besides, Pati et al. [80] demonstrated that the 
organoleptic analysis of herbal mint used in their study had good colour, odour and taste. Simultaneously, 
recovered heat from biomass proved to be a good source of thermal energy for drying. The 
physiochemical properties such as total ash, acid insoluble ash, water and alcohol soluble extractives 
were reportedly within the quality standard of pharmaceutical industries. Additionally, Hossain et al. [58] 
found out that hybrid dryers produced tomato with a better quality and a 56.25% drying time savings 
could be achieved when compared with sun drying. Solar dried tomato had 184.24 mg, 49.04 mg, and 
195 mg per 100 g ascorbic acid, lycopene and flavonoids in comparison with 176.7 mg, 44.06 mg and 
96.7 mg per 100 g of aforementioned compounds reported for the commercially available dried tomato.  
Contrarily, used black oil was proposed as substitute to fossil fuel which was adopted in fish dryer 
burner by Elisante et al. [67]. The results of market survey and sensory analysis revealed that people only 
preferred their dried fish to sun-dried fish but less acceptable to smoked fish. Besides, a solar-electric 
hybrid dryer was researched by Reyes et al. [59]. Although the hybrid system could realize energy 
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savings by 6.6-12.5%, it led to an unusual redness of dried tomato, which was attributed to the collective 
influence of non-enzymatic browning, Maillard reaction and lycopene degradation. Nevertheless, 
rehydration of dried tomato was allegedly achieved in less than 15 minutes. Similarly, a hybrid solar 
dryer with electric resistance and paraffin wax as PCM was accessed by Reyes et al. [81]. The system 
demonstrated a significant energy efficiency, but the dehydrated mushrooms had an unusual darkening 
and shrinkage. Rehydration was completed in less than 30 minutes but rehydrated mushroom expectedly 
had a higher hardness when compared with fresh ones. This was mainly due to the effect of shrinkage 
during the drying process. Four different dryers: Biomass-solar integrated dryer, electrical oven, 
fluidized bed dryer and open sun dryer were assessed and compared in terms of the textural and colour 
drying qualities of ginger and turmeric by Borah et al. [91]. The study proved that ginger and turmeric 
processed in the integrated solar dryer had both minimum colour loss and crushing strength, which 
revealed that the hybrid dryer was superior to other dryers. 
Therefore, more works are required to establish the effects of hybrid drying on quality of dried 
agricultural product. Optimisation of these dryers through drying operation control may require to be 
further explored. The works on the drying modelling especially effects of these dryers on drying rates 
can provide useful information. For instance, Morad et al. [92] carried out a study on solar tunnel 
greenhouse dryer which indicated that peppermints were better dried as leaves than as whole plant. The 
highest percentage volatile oil of 0.83% and 1.52% were obtained for whole plant and leaves when the 
system was operated at drying air flow rate of 2.10 m3·min-1 and loading rate of 2 kg·m-2, respectively. 
These are mainly because of the effects of operating parameters on product’s drying rates. Also some 
regions with good potentials for renewable energy hybrid drying are culturally biased towards its 
deployment. For instance, smoked fish and smoked meat are preferred to their dried food in most African 
settings [93, 94]. This may explain the reason why 70-80% of fish consumed in country such as Ghana 
was smoked [95]. Thus, more findings will be required in this regard especially incorporation of local or 
cultural preference on design of dryers for fish and meat. Some selected works are presented in Table 5 
which aim to summarize the effect of drying technologies on qualities of crops. 
 
Table 5. Effects of different dryers on crop quality. 
Research approaches Agro-product Remarks Ref. 
Comparison of hybrid solar, direct 
solar and open sun drying 
Tomato 
Solar hybrid dried tomato has a 
superior quality. 
[90] 
Solar hybrid dryer Herbal mint 
Better organoleptic quality is gained; 
Superior physiochemical properties 
[80] 
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are within the quality standard of 
pharmaceutical industries. 
Solar hybrid dryer Tomato 
Processed tomato has a better 
ascorbic acid, lycopene and 
flavonoids qualities. 
[58] 
Waste oil dryer Fish 
Sun-dried is preferred with less 
acceptability when compared to 
smoked fish. 
[67] 
Solar-electric hybrid dryer Tomato 
Unusual redness of dried tomato is 
observed. 
[59] 
Solar-electric hybrid dryer with 
PCM for heat storage. 
Mushroom 
Uncommon darkening and shrinkage 
of the mushrooms are noted. 
[81] 
Comparison of hybrid biomass-
solar, electric oven, fluidized bed 
dryer and open sun drying 
Ginger and 
turmeric 
Minimum colour loss and crushing 
strength indicate superiority of the 
hybrid dryer to other dryers. 
[91] 
Solar tunnel greenhouse dryer Peppermint 
Better dried as leaves than as whole 
plant is observed. 
[92] 
Heat pump (HP) Grape pomace 
Part of the bioactive properties is lost 
in pomace samples.  
[96] 
 
7. Mathematical/computational modelling approaches used for sustainable drying 
Improving dryers’ efficiency, fuel consumption efficiency, waste heat utilisation and drying air 
recirculation are some of the most widely used approaches to sustainable drying. However, it is not only 
costly but also time consuming to investigate these through experiments [97]. Also worth noting that the 
efficiency of the drying unit can be considerably reduced by only relying on experimental drying 
practices without considering the mathematical requirements of drying kinetics, which will inevitably 
result in an increased production cost and negatively impact on the quality of dried products [98]. Thus, 
through modelling, some unique optimisation advantages could be obtained compared to drying 
experiments, e.g. a comprehensive physical insight and understanding of the drying process, a quantified 
heat and mass transfer flows, high sensitivity to external changes, low cost,  space requirements, 
maintenance and technical for experiment, etc. [99]. These advantages could further improve the mass, 
energy and economic performance of drying process. Then the best candidate from simulation results is 
subsequently designed and fabricated. Computer programming software used in food drying could be 
categorised into the followings [100]: 
[1] Calculation programs such as one used for numerical modelling e.g. SPSS, Microsoft Excel, 
Spreadsheet. 
[2] Process simulator.  
[3] Expert systems and related decision tools. 
[4] Information delivery or online data base. 
24 
 
[5] Auxiliary calculations such as psychometric and humidity chart. 
Use of these tools are also determined by the complexity of information required by the user. These 
tools can be easily used for sensitivity analysis, optimisation, equipment design, sizing, scaling up and 
pilot scale. The commonly used simulation tools for drying are Aspen Plus, Simprosys, dryPAK, 
DryDSim, etc. Other tools that are not only specifically for drying but also used in drying modelling are 
Matlab and Microsoft Excel with Visual Basic. Aspen Dryer and DRYSCOPE are packages within Aspen 
Plus which are designed for drying. However, a lot of assumptions are used for simplification which are 
far away from practical use. This is because Aspen Plus and Aspen Hysys are designed for materials of 
known chemical compositions whereas chemical compositions of food and agricultural materials are not 
static as it changes with species, climatic conditions and water composition. Another limitation of Aspen 
Plus in drying is that it assumes constant rate drying kinetics [101] whereas drying kinetics are dependent 
on drying time which are not static during drying processes.  It is based on flash calculation of 
temperature, pressure and enthalpy [102] whereas state variables such as absolute and relative humidity, 
wet bulb and dew point temperature are required for the evaluation and optimisation of drying systems.  
Matlab was employed to solve Crank–Nicholson model for three dimensional conduction equation 
of a greenhouse dryer by Yeboah [103]. The model was used to achieve drying optimisation, which was 
subsequently validated with experimental drying of cocoa beans. Moisture content was reduced from 50% 
to 7% within 7 days. Similarly, different shapes of blanched and un-blanched potato slices were 
investigated in a tray dryer by Olawale and Omole [104] with temperature range between 50oC  and 80oC 
using hot air at a flow rate of 2.5 m·s-1 and 10% relative humidity. The results of drying experiments 
were fixed into eight known drying models and analysed by using Matlab. Drying rate, at constant 
temperature, expectedly decreased with the increase of thickness while page model allegedly predicted 
potato drying perfectly. 
Simprosys is a Windows-based process simulation tool which can be used for flowsheet design and 
evaluation of drying and evaporation units [102].  An alternative configuration to an existing lignite fired 
power plant was presented by Xu et al. [105]. The new configuration suggested replacing water cooling 
condenser with air cooling e.g. the low grade heat from heat sink at 45oC was proposed to be used for 
lignite drying. The proposed configuration was evaluated with Simprosys software. The pre-drying of 
lignite reportedly led to increased power output by 1.3% which subsequently reduced levelised cost of 
electricity generation from $47.3·MWh-1 to $45.1·MWh-1. Similarly, Mujumdar and Zhen-Xiang [106] 
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investigated modelling of combustion drying process in a burner. The effects of pressure and combustion 
gas humid properties were investigated by using Simprosys. It was concluded that the moisture carrying 
property of air and combustion gas was dependent on the working pressure.  
Computational Fluid Dynamic (CFD) is one of the widely used software in advance modelling of 
drying systems either in the optimisation of the existing dryers or design of novel systems for improving 
energy and resource efficiency.  A recent review of CFD in drying was carried out by Defraeye [99]. The 
review mainly focused on CFD application in understanding material behaviour and changing during the 
drying process. Products such as food, wood and ceramic were considered, and the work didn’t study 
drying process control, design or optimisation. However, Jamaleddine and Ray [107] presented a 
comprehensive review of CFD applications in drying particularly in context of understanding drying 
processes on laboratory and industrial scales spray, freeze, and thermal drying techniques. Based on the 
conclusions, application of CFD in drying offers advantages such as: 
[1] Forecasting of local conditions (gas and particles) in the drying chamber. 
[2] Useful in comparison of different feed-point layout especially dryers with multiple entry points. 
[3] Provides useful data on distribution of particles from feed-point region especially on flash dryers. 
[4] Suitability in troubleshooting especially in evaluation of different geometries and operating 
conditions of the dryers.  
One striking fact is that more attentions are paid to the use of CFD in crop dryers which are suitable 
for the application of smallholders’ farmers or community/cooperative drying systems. CFD can be a 
useful tools to designing of innovative dryers or improving the configuration of the existing dryers.  
Therefore, some detailed examples of crop drying by using CFD are listed in the rest of this section. 
The design and evaluation of a hybrid solar thermal and desiccant infrared drying unit were 
undertaken by Punlek et al. [108]. Different configurations e.g. shapes and fins of PV air collectors and 
desiccant bed were investigated using TRNSYS and CFX simulator. Result indicated that finned 
photovoltaic air collectors and V shaped desiccant bed provided a uniformed air profile. A good 
agreement was observed with experimental data used for validation. Furthermore, Lokeswaran and 
Eswaramoorthy [109] worked on an existing solar greenhouse dryer. Computational fluids’ GAMBIT 
and FLUENT packages were used for the simulation. Fine mesh were used in the region around the trays 
and flue gases while coarse mesh was adopted on the regions away from the trays. Thus, about 914,905 
tetrahedral cells (meshes) were used. Results revealed inhomogeneity of drying air profile within the 
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dryer. Thus suggestions were conducted for an improved air distribution.  
To overcome the problem associated with spatial non-uniformity of drying air for tray dryer,  Amjad 
et al. [110] investigated a new batch dryer with diagonally airflow inlet channel along the length of the 
dryer, which was presented in Fig. 11a. Two configurations: straight and diagonal airflow inlet were 
assessed with FLUENT. The straight flow was modelled with 9,613,901 cells while 9,542,733 cells was 
adopted for the diagonal airflow, which are based on the channels in Fig. 11b. The outcome of diagonal 
airflow inlet presented a better air distribution. The configuration was fabricated and experimented with 
potato cubes, which indicated a uniform moisture content along the 25 drying trays. Similarly, Misha et 
al. [111] assessed four different configurations of tray dryers and using Navier-Stokes (NS) equations for 
calculating mass, momentum and energy continuum in the dryer. The best shape was analysed and 
selected which give a better uniformity of air temperature and velocity. Drying test was conducted with 
Kenaf Core which was reported to have even moisture content.  
 
 
(a) 
 
(b) 
Fig. 11. Tray dryer with diagonally airflow inlet (a) system schematic; (b) air flow channels [110]. 
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The limitation of the existing commercial drying simulation tools only focuses on the phenomenon 
within drying units without considering heat sources. To overcome this disadvantage, an hybrid software 
called DryDSim which combined Matlab with SolidWorks was used by Neba and Nono [112] for the 
design and analysis of a hybrid biomass-solar tunnel cabinet dryer. The concerning model was presented 
in Fig. 12. The package was experimentally tested with laboratory drying experiments using green pepper. 
The software was able to accurately predict the design and operational parameters of the dryer, 
temperature dynamics of drying and quantity of biomass briquette required. Importantly, the dryer was 
able to do cost evaluation such as NPV, internal rate of return and the total annual cost using the following 
inputs: lifespan, interest rate, product mass and the unit cost per kg of the dried products. 
 
 
Fig. 12. Model of the solar-biomass hybrid tunnel dryer [112]. 
 
In order to have a comprehensive comparison, some selected research studies on application of 
numerical modelling tools are indicated in Table 6, which are also related with sustainable food drying. 
It is demonstrated that a good computational model should integrate heat and mass transfer with other 
physical processes, e.g. air flow, radiation, etc. Then a more complete model could be established to 
evaluate product quality together with energy usage and energy efficiency. Sensitivity analysis to the 
drying process should also be conducted before simulation. Eventually, simulation is better to be 
validated which is to evaluate the accuracy of established model. For agriculture products, lack of food 
properties required for modelling is the bottleneck. The properties are almost not included in the software 
and requires a good summarization in the future.  
 
Table 6. Selected studies on applications of numerical modelling tools used in sustainable drying. 
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Modelling approach/ 
software used 
Agro-product Study criteria/research findings Ref. 
Matlab to solve 
Crank-Nicholson 
drying model 
Cocoa beans 
Moisture content is reduced from 50% to 7% 
within 7 days; The good system sensitivity is 
achieved. 
[103]  
Drying kinetics 
modelling with 
Matlab 
Potato 
Drying optimisation is carried out and page model 
allegedly perfectly predicts potato drying. 
[104]  
Simprosys Lignite 
Power generation is increased by 1.3%; A reduced 
cost of energy delivery is achieved. 
[105]  
Combustion drying 
modelling with 
Simprosys 
- 
The moisture carrying property of air and 
combustion gas is pressure dependent. 
[106]  
Comsol Carrot 
Spatial moisture profiles are predicted at all times 
using NS 2D model; Simulations results are in 
good agreement with experimental data. 
[113] 
Comsol Carrot slice 
A modified Arrhenius-type relationship is used to 
for the process temperature variations which is 
independent on heat and mass transfer coefficients. 
[114] 
Comsol Potato discs 
A complete set of driving parameters are exploited 
for optimization based on geometry and heating 
mechanism. 
[115] 
CFD Potato 
Drying time is reduced with ohmic heating as 
moisture diffusion in the product is enhanced, 
leading to a simultaneous heat and mass transfer. 
[116]  
CFD Apple 
Large-eddy simulation is more accurate than 
Reynolds-averaged Navier-Stokes (RANS)  
turbulence model but at high computational cost; 
Combination of the former with low Renolds 
number modelling gives a better accuracy. 
[117]  
TRANSYS and CFX - 
Finned PV air collector with V shaped desiccant 
bed is able to give a uniformed air distribution. 
[108]  
GAMBIT and 
FLUENT 
Greenhouse 
simulation 
Inhomogeneity of air profile within the dryer is 
detected. 
[109]  
FLUENT - 
Diagonal air flow gives a better distribution of air 
flow. 
[110]  
FLUENT Kenaf Core 
Different configurations is tested and one with 
better air profile is selected. 
Good agreement between simulation and 
experimental results is achieved. 
[111]  
FLUENT Apple 
Vapour diffusion is more dominant than freeze 
drying process at temperature below 0oC. 
Diffusional resistance of porous tissue is also 
revealed by CFD. 
[118]  
FLUENT 
Horticultural 
products 
RANS is joined with the shear stress transport k-ω 
model for the microscale modelling of horticultural 
products. 
The model is found to have a good result over a 
wide range of Reynolds number (10-3×104). 
[119]  
FLUENT - 
CFD model is reportedly in good agreement with 
experimental data and is able to predict the 
condensation, temperature and humidity change. 
[120]  
Fluent CFD package Apple slices 
NS 2D model is used; Heat and mass transfer 
coefficients have been well predicted. 
[121] 
    
 
8. Exergy analysis 
Exergy denotes a function of irreversibility within the system. It describes energy destruction within 
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a thermodynamic system and could be perceived as the maximum obtainable useful work of a 
thermodynamic system when it brings to the equilibrium with its surrounding [122]. Thus exergy analysis 
gives an indication where thermodynamic improvements are required to make a system as energy-
efficient as possible. Its evaluation can provide a useful tool in accessing the cost of thermodynamic 
irreversibility and seek to reduce such loss as much as possible and decrease the environmental impacts 
of drying process [123, 124]. Generally, the exergy of a drying unit can be expressed as equation 3 [125].  
E = 𝐶p,da[(𝑇 − 𝑇a) − 𝑇a𝑙𝑛
𝑇
𝑇a
]                                                (3) 
where Cp,da, Ta and T represent the specific heat capacity of the drying air, ambient and reference 
temperature, respectively. 
Exergy efficiency of drying system has been found to be directly proportional to mass flow rate of 
the product while it is inversely related with the drying temperature, air mass flow rate and humidity 
ratio [126, 127]. Increasing the velocity of drying air has little influence on exergy efficiency [128]. A 
recent comprehensive review of exergy analysis of drying systems was presented by Aghbashlo et al. 
[123]. Their work was composed of HP, fluidized bed, solar, freeze, and vacuum and flash drying. 
Nonetheless, our interest in this part mainly relies on the exergy analysis of solar and recovered heat 
powered convective cabinet dryers since these set of dryers are particularly used by the smallholders 
farmers in remote areas.  Some representative examples are elaborated in terms of hybrid dryer, CHP and 
PV integrated systems, etc. 
Luo et al. [129] worked on a grey relational evaluation of an hybrid cascading technique where the 
waste water from an existing geothermal plant was proposed to be used for drying of logan fruits and 
bathing water provision. The new configuration increased system exergy efficiency from 12.76% to 
25.81%. An assessment of exergetic efficiency of a ground source HP dryer was conducted by 
Kuzgunkaya and Hepbasli [130]. Exergy efficiency on a product to fuel basis was found between 21.1% 
and 15.5%. A process integrated with efficient drying of micro algae was researched by Aziz et al. [131]. 
In their work, steam produced from micro algae gasification was used for power generation. Heat from 
the steam was also used for drying microalgae while flue gas from gasification system was utilised in the 
pond and served as nutrients for microalgae. Exergy recovery within the system reportedly increased 
exergy efficiency and a coefficient of drying performance could reach 18.5. Besides, Ganjehsarabi et al. 
[132] used exergy and exergoeconomic  evaluation  approach to optimise the efficiency of a HP tumbler 
dryer for drying fabrics. Exergetic efficiency of HP and whole system were 0.07 and 0.11% which was a 
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function of operating temperature and flow rate. Correspondingly, a solar evacuated tube heat pipe for 
water heating and drying of agricultural purpose was designed and experimentally studied for energy and 
exergy efficiency by Daghigh and Shafieian [133]. Heat from evacuated tube was recovered into a water 
storage tank. It was subsequently used for domestic purpose and heating of drying air. Exergy efficiency 
of the system is dependent on time and ambient temperature. The highest exergy destruction was noticed 
during the time, which indicated the highest solar intensity of the day and high ambient temperature. 
A multigenerational biomass fuelled CHP system was investigated for optimizing exergy and 
energy efficiency which was composed of electricity generation with heat recovery for district heating, 
domestic hot water, organic Rankine cycle (ORC), wood steaming and pine wood drying units [134]. 
Exergy and energy efficiency of the system was found to be 60% and 25%, respectively when compared 
with 11% and 13% noted for single power generation system. Moreover, exhaust heat recovery for district 
heating and drying of wood was demonstrated to have more influence on energy efficiency than exergy 
efficiency while power generation and heat recovery for drying were noted to have the highest exergy 
efficiency. Geothermal heat recovery cabinet drying of olive leaves was evaluated by Helvacı and Akkurt 
[42] from Balcova-Narlidere Geothermal Field in Turkey. Drying was conducted with and without drying 
air exhaust recirculation. Expectedly, energy utilization ratio was 7.96 and 50.36 in terms of the former 
and later system while exergy destruction at the outlet of recirculated system was reduced from 0.1013 
kW to 0.08104 kW. Likewise, Coskun et al. carried out exergy and energy assessment of a wood chips 
drum dryer powered with waste heat from a co-generational system [135]. Exergy and energy efficiency 
were found to reach 34.07% and 4.39%, respectively. However, it was suggested that economiser was 
incorporated with waste heat recovery for district heating. Analysis indicated that energy and exergy 
efficiency were increased to 93.15% and 43.08%, respectively. Similarly, Sarker et al. analysed exergy 
of an industrial fluidised bed dryer for paddy drying [136]. The study demonstrated exergy used for 
drying was from 31.18% to 37.01%. Hence, thermal insulation and waste heat recovery were suggested 
but subject to economic evaluation. Besides, a simple heat exchanger was used by Ghasemkhani et al. 
[137] to improve the exergetic efficiency of a rotary drum dryer which was applied for drying of apple 
slices. Heat was recovered from the dryer’s exhaust and then used to preheat ambient air before entering 
the main heater of the dryer. This configuration improved exergetic efficiency from 23% to 96.1% and 
had not negative impact on the quality of dried apple slices especially considering shrinkage and 
rehydration ratio.   
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Tiwari et al. presented performance analysis of a PV/T greenhouse dryer [138].  Different climatic 
and operational conditions were investigated. Numerical modelling was developed using crop, 
greenhouse and solar unit temperatures as input to evaluate system thermal efficiency. A good agreement 
was found between the analysed theoretical and experimental energy and exergy of the system with the 
correlation coefficient of 0.98. Boulemtafes and Benzaoui assessed exergetic efficiency of a 
discontinuous solar dryer for mint drying [139]. A linear relation was observed between energy 
consumption and exergy destruction. It was higher in the second day which could be attributed to the 
predominance of falling drying rate. An analytical expression for the exergy efficiency in greenhouse 
drying of fish was researched by Tiwari et al. under the conditions of natural and forced convection [140]. 
As expected, exergetic efficiency was lower under forced convection than that under natural convection 
but drying rate of forced convection proved to be faster due to a better moisture removal by the fan.  
Drying of olive oil waste water from 3.153 gwater·gdry matter-1 to 1.000 gwate·gdry matter-1 in a natural 
convective solar cabinet dryer was investigated by Celma and Cuadros [141]. Drying was conducted for 
two days, and exergy efficiency was found to fluctuate between 53.4% to 100% and 34.4% to 100% in 
the first and second day. This is because the second day falls on the falling rate during the drying period 
and the available energy could not be fully utilised. Besides, using first and second laws of 
thermodynamics, forced solar drying of mulberry was assessed by Akbulut and Dumus [142]. Product 
mass flow rate, drying air velocity and drying time were used as variable parameters. Exergy destruction 
was found to be reduced when product mass flow rate was increased. Then an increased exergy efficiency 
was obtained.  
Chowdhury et al. investigated exergy efficiency of a solar tunnel dryer for jackfruit drying [143]. It 
had been found that exergy efficiency was reduced with the increase of solar radiation, which varied 
between 32.34% and 65.30% in terms of a corresponding increase in solar radiation from 100 W·m-2 to 
600 W·m-2. Yahya et al. [144] also researched exergy analysis of an integrated fluidized bed dryer for 
paddy drying. The dryer was composed of solar collector and biomass furnace for drying air heating. Air 
was first heated with solar collector and then raised to the drying temperature with biomass furnace. The 
dryer was able to reduce the moisture content of paddy rice from 20% to 14% during 13.3 minutes to 
21.3 minutes while exergy efficiency of 47.6% and 49.5% were reported at drying temperature between 
61oC and 78oC, respectively. However, exergy loss was observed to reduce with drying time. It was 
suggested that bulk of drying of paddy rice took place in the falling rate period.  
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Some selected studies on exergy analysis of agro-product drying are presented in Table 7. It is worth 
noting that most of the research studies focus on heat optimisation of drying systems to reduce exergy 
destruction. Heat recovery, air recirculation and insulation are predominantly suggested techniques of 
increasing exergy efficiency. However, more works are required to be done in terms of the economics of 
heat recovery and its effect on the quality of dried products. In this regards, the use of local or composite 
materials for dryer construction could be explored. For instance, combination of red bricks with poultry 
feathers as insulation materials could bring both economic and thermodynamics advantages in the 
construction of large community-based cabinet dryers for the remote areas of developing countries.  
 
Table 7. Selected publications on exergy analysis of agro-product drying. 
Research Approach. Agro-product Remarks Ref. 
Exergy analysis 
using grey 
relational 
evaluation 
Logan fruit 
Exergy efficiency is increased from 12.76% to 
25.81%. 
[69]  
Ground source HP Laurel leaves 
Exergy effectiveness on a product to fuel basis is 
reportedly between 21.1 and 15.5%. 
Condenser unit accounts for the greatest exergy 
destruction. 
[130]  
Heat recovery from 
micro algae 
gasification 
Micro algae 
An increased exergy efficiency and an 18.5 
coefficient of drying performance are achieved. 
[131]  
Multigenerational 
biomass fuel CHP 
Pine drying Exergy efficiency is increased from 11% to 60%. [134]  
Exergy evaluation 
of a discontinuous 
solar dryer 
Mint leaves 
A linear relation is observed between energy 
consumption and exergy destruction and is 
reportedly higher in the second day due to the 
prevalence of falling drying rate. 
[139]  
Geothermal exhaust 
heat recovery 
cabinet drying 
Olive leaves 
Energy utilization ratio is increased from 7.96 to  
50.36. 
[42]  
Exergy efficiency in 
greenhouse drying 
Fish 
Exergy efficiency is lower in forced convective 
drying than natural drying but drying rate is faster in 
the former. 
[140]  
Heat recovery from 
a rotary drum dryer 
Apple slices 
Exergetic efficiency increased from 23% to 96.1% 
and doesn’t affect the quality of dried apple slices. 
[137]  
Fluidised bed with 
solar and biomass 
furnace 
Rice paddy Exergy loss is reduced with drying time. [144]  
Exergy analyses of 
a forced convection 
solar tunnel dryer  
Chilli pepper 
and ginger 
Exegetic efficiency increases with advancing in 
drying time, and high exergetic efficiency is 
obtained in the last few hours of the drying. 
[145] 
 
Energy and exergy 
analysis of HP 
dryers. 
Grated carrot 
A successful and efficient combination of HP and 
infrared heater is obtained in food drying. 
[146] 
Exergetic analysis 
of deep-bed drying 
Rough rice 
Higher drying air temperatures result in higher 
exergy efficiency. The process is highly capable of 
ameliorating exergy performance improvement. 
[147] 
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9. Economic evaluation of the drying units 
The design of sustainable drying systems for rural farmers should be efficient and reliable. It is also 
required to be simple and affordable especially when compared with conventional fossil fuel or electricity 
driven dryers [148]. Besides, initial cost should be affordable, and the cost of maintenance must be 
inexpensive and reasonably consistent. This is because if initial cost is too high, such equipment may be 
unaffordable for poor farmers. At the same time, it is difficult to maintain a dryer for processing 
agricultural products, which will be too expensive to compete at the local market. Thus, farmers are only 
disposed to employ dryers which provide profitable returns on investment and maintenance costs of the 
drying operation [149]. For instance, butane fuelled Atesta dryer is mostly used by mangoes farmers in 
Burkina Faso. Despite efforts by the local and foreign donors together with government on initial cost of 
the dryer, above 50% of the country mangoes still got wasted every year. This is largely due to the 
availability and fluctuating cost of butane which results in about €0.07·kg-1 of evaporated water when 
compared with solar dried products at €0.01·kg-1 of evaporated water [150]. In spite of improved quality, 
Atesta processed mangoes are not competitive in the local market.   
To reduce the aforementioned challenges of Atesta dryer, Nonclercq at al. [151] studied a similar 
configuration as illustrated in Fig. 13. It was an integrated sun-gas powered system which operated on 
solar collectors during the day and gas powered after sunset or on bad weather. Heat was transferred from 
a 17.3 m2 solar collector to 112 L water in the water tank which stabilises the drying temperature as well 
as provides heat storage for subsequent use after sunset. Two small pumps were used: one was for fluid 
transfer through solar panels and the other was for pumping fluid through heat exchanger of the drying 
chamber. It ensured that 97% of the required energy was supplied by solar system and the unit dried 40 
kg of agricultural product per batch. Economically, the specific drying cost per kilogram was reported to 
be 15 Central African Francs (CFA) in comparison with 22 CFA for the butane driven Atesta dryer. 
However, pumps of the system driven by electricity indicated that the system either depended on 
unreliable national grid (where available) or generator sets.  Similarly, a hybrid solar-biomass fish tray 
dryer was designed and evaluated by Hamdani et al. [152]. A 260 cm by 80 cm dryer was driven by solar 
energy between 9 am and 4 pm while the drying temperature of 40-50oC was maintained thereafter 
through a biomass fuelled crossflow heat exchanger. With 300 days operational period per year, the 100 
kg capacity dryer had an 18.61% internal rate of return, positive NPV and able to break even in 2.6 years. 
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An economic analysis to redesign a 180 kg capacity steam driven cashew nut dryer was assessed 
by Dhanushkodi et al. [153]. There configurations were proposed for the steam generator boiler by using 
solar, biomass and hybrid solar-biomass. Results of the analysis indicated that payback periods were 1.58 
years, 1.32 years and 1.99 years for solar, biomass and hybrid modes, respectively. However, the cost 
benefit appraisal was 5.23 for solar, 4.15 for biomass and 3.32 for the hybrid system. Hence, hybrid mode 
was recommended. Similary, El Hage et al. [27] presented their work on the economic analysis of 
replacing a 15 kW capacity cabinet dryer currently powered with electric heaters. The operating 
temperature for specific crop varied from 50°C to 140°C. The dryer was examined for the drying of 
carrots, corn, mushrooms, potatoes, apples, bananas, cherries and peaches. The results indicated that the 
viability of the system was strongly influenced by the price, quantity and type of crop dried. Saved money 
by adopting solar drying varied from 5460 $·month-1 to 130 $·month-1 for cherries and carrot while the 
corresponding payback period was equally reduced from 62 months for carrot and 1.5 months for cherries. 
 
 
Fig. 13. Mixed sun-gas driven tray dryer [151]. 
 
An innovative multi-shelf solar dryer with cooker was studied by Singh and Sethi [154]. The 
parallelepiped shape configurations was suitable for 280 days in a year and the system had a payback 
period of 5 years and 5 months. Moreover, the combination of cooking with drying was proved to present 
a huge savings for rural households. ELkhadraoui et al. [155] examined a mixed mode solar greenhouse 
dryer using pepper and grape. Solar PV system provided electricity to drive fan for forced air convection 
in the greenhouse dryer and the configuration reduced the drying time of red pepper and grape by 7 h 
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and 17 h, respectively while the dryer’s payback period was 1.6 years. Besides, a double-pass solar 
collector dryer equipped with fin absorber and additional heater was studied for seaweed drying by 
Fudholi et al. [156]. Economic analysis of the system had a 2.33 years payback period for marine 
products drying.  
Nayak et al. [157] considered a PV panel-PV/T integrated forced convection solar dryer which was 
displayed in Fig. 14.  PV/T unit supplied heat input for the drying air and a direct current fan was powered 
with PV panels. Economic evaluation of the dryer with cauliflower in Haryana India weather indicated 
a 5.6 years payback period with 352 Indian rupees as the cost benefit.  
 
 
Fig. 14. Solar PV-PV/T integrated cabinet dryer [157]. 
 
Chauhan et al. [158] fabricated and studied a forced convection greenhouse dryer which was 
integrated with solar collector and adjustable speed exhaust fan. At an air flowrate of 0.0551 kg·s-1, the 
studied dryer reduced moisture content of bitter gourd flakes from 96.8% to 12.2% in 17 hours. The dryer 
with 35 years life span payed back in 1.5 years. Similarly, Nabnean et al. [159] worked on a thermal 
storage assisted solar dryer as demonstrated in Fig. 15 for drying of osmotically dehydrated tomato 
cherries.  The dryer was made up of a 300 L water storage tank, solar collector, heat exchanger and drying 
cabinet, which was dependent on the solar radiation, relative humidity and temperature of drying air. It 
had solar collector efficiency and payback period of 21%-69% and 1.37 years, respectively.  However,  
except for technical or economic evaluations of the systems, other studies may be required on the most 
efficient way of altering negative socio-cultural perceptions of the farmers against some renewable 
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energy technologies. For instance, while anaerobic digestion provides an excellent way of energy 
recovery from organic waste which can be subsequently used as drying fuel, some cultures have strong 
objections regards by utilising animal and human waste as feedstocks [160]. Some still erroneously 
perceived whatever that comes from waste as the dirty [161] so that people who used such materials was 
considered to be the bottom of the social ladder [162]. Some recent works on the economic evaluation 
of sustainable drying are presented in Table 8. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 15. Schematic of thermal storage assisted solar dryer (a) the system; (b) the drying cabinet; (c) heat 
exchanger [159]. 
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Table 8. Selected works on economic analysis of renewable energy powered dryers. 
Modelling approach/software 
used 
Agro-product Study criterial/research findings Ref. 
Experimental comparison 
between Butane fuelled Atesta 
dryer and solar dryer 
Mango 
€0.01·kg-1 of evaporated water is for 
solar dried mango against €0.07·kg-1 
evaporated water for Atesta dryer. 
[149] 
Experimental testing mixed 
sun-gas powered system with 
water storage compared to 
Atesta dryer 
Tomato and 
mango 
Drying cost 15 CFA·kg-1 is for the 
mixed sun-gas system; Drying cost is 
22 CFA·kg-1 for Atesta. 
[151] 
Hybrid solar biomass dryer Fish 
Payback period is 2.6 years for hybrid 
system. 
[152] 
Mixed solar-biomass dryer 
tested at different modes 
Agricultural 
product 
1.58 and 1.32 years payback period is 
for solar and biomass only;1.99 years 
payback period is for hybrid. 
[153] 
A 15 kW electric heater dryer 
replaced with a similar solar 
dryer. 
Carrots, corn, 
mushrooms, 
potatoes, apples, 
bananas, 
cherries and 
peaches. 
The price, quantity and type of crop 
dried determines the system’s viability; 
Depending on the crop processed, 
payback period varies from 62 months 
for carrot and 1.5 months for cherries. 
[27] 
A multi-shelf solar dryer cum 
cooker 
Agricultural 
product 
Payback period is 5 years and 5 
months. 
[154] 
Mixed mode solar greenhouse 
dryer 
Pepper and 
grape 
Payback period of 1.6 years is reported. [155] 
Double-pass solar collector 
dryer equipped with fin 
absorber and additional heater 
Seaweed 
Payback period of 2.33 years is 
reported. 
[156] 
Solar PV&PV/T dryer Cauliflower 
Payback period of 5.6 years is 
recorded. 
[157] 
Forced convection greenhouse 
dryer 
Bitter gourd 
flakes 
Payback period of 1.5 years is 
evaluated. 
[158] 
 
10.  Life cycle assessment study on sustainable drying of agricultural products. 
Life cycle assessment (LCA) is an analytical tool developed to assess the environmental burden of 
products from cradle to grave, which is often expressed in terms of greenhouse gas (GHG) emissions 
[163].  It is widely believed to increase understanding on the environmental impacts of various products 
by identifying energy, materials consumed as well as environmental emission during the life cycle of a 
product, processes or services. Hence, a LCA study of agricultural drying systems could provide insights 
into what, how and which parts or operational schedule of drying has the highest environmental burden 
and where environmental performance improvement would be necessary. LCA studies of renewable 
energy powered dryers are particularly scanty and some examples are illustrated as follows. 
A typical LCA study on drying of Radiata pine by Hague et al. [164] indicated that the highest 
environmental burden of 74%–94% was associated with electricity used for forced convection while 
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thermal energy accounted for 7%–26% of GHG emission which depended on the operational schedule. 
Moreover, the impact of loading, offloading and dryer construction were insignificant. Similarly, Bowser 
et al. [165] studied carbon emission of a cabinet tray dryer for Cilantro. The dryer was operated under 
three different modes: without waste heat recovery (WHR), with WHR as well as with WHR and exhaust 
recirculation. The result indicated a CO2 emission of 20.0, 13.1, and 18.0 tonnes for the above mentioned 
modes, respectively. Thus WHR reduced CO2 emission by 35%. An increased CO2 emission in the third 
scenario could be attributed to the power consumption of pump used for recirculation. Besides, 
recirculation increased retention time which could also had an effect on the overall energy consumption. 
Besides, Prakash and Kumar [166] investigated a solar greenhouse dryer for tomato flakes and the result 
suggested a net CO2 emission of 38.06 tonnes compared to 613.48 tonnes of CO2 that would have been 
produced if the dryer was powered with electricity produced from coal.  
 
11. Conclusions  
Convectional open solar drying has some drawbacks in terms of quality, capacity, accuracy and 
process efficiency. Fossil fuelled dependent drying systems are not only uneconomical but also becoming 
unattractive to world. Therefore, applications of sustainable drying methods are optimal alternative 
methods to overcome the bottleneck of traditional drying systems whilst decarbonising food drying 
processes. In this regard, sustainable energy for drying agriculture products will play a significant role 
to reduce post-harvest losses especially in remote areas where the losses are enormous.  
Attempt has been made to review the recent works on sustainable drying of agricultural products 
especially considering heat recovery, modelling with CFD as well as first and second laws of 
thermodynamics evaluation. Most of these works seem technically feasible, but affordability and 
reliability in context of poor rural dwellers remains to be challenging. E.g. availability and affordability 
of hybrid dryers incorporating LPG or electric heaters could be problematic within isolated communities. 
Comparably, hybrid solar-biomass system is promising which provides a good operational control 
maintained. The reasons are illustrated as follows: (1) it reduces the effect of solar intermittency; (2) 
biomass is readily available in local area; (3) biomass fuelwood is currently the predominant source of 
heating; (4) solar-biomass drying units are economically superior to others. However, its operational 
controls and optimisation need be further simulated and validated to ensure its suitability to the drying 
of different agricultural products. A common limitation of the existing commercial drying modelling and 
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simulation tools is restrictions to the phenomena happening in the dryer without considering conditions 
of energy sources. Therefore, integration of these elements could provide a valuable tool to achieving 
both qualitative and quantitative sustainable drying.  
Deployment of CHP and tri-generation system to remote areas is another prospective approach, 
which simultaneously provides electricity, heat recovery for sustainable drying and cold storage of 
agricultural products. The potential of tri-generation in agrarian communities lies on its ability to provide 
clean energy and reduce post-harvest loss, which could also ensure food security. However, application 
of exergy analysis is scarce in context of combined power, drying and cooling system or waste heat 
recovery for drying. Future research studies should focus on matching the economy and exergy 
effectiveness of drying systems, which could be more insightful in real applications. Although hybrid 
solar-biomass system is easy to implement in rural areas, deployment of biomass powered CHP systems 
might be a better solution to post-harvest wastes. But the large scale application requires a special policy 
and commitment from the government.  
Economic analysis of sustainable drying has payback period between 1-6 years. However, this is 
largely influenced by operational conditions, size of the dryer and agricultural products. Notwithstanding 
the favourable payback period, deployment of these dryers has been quite slow due to high initial costs 
or wrong perceptions on part of farmers. Combination of these dryers with cooking can be further 
explored while cooperative or community central drying units can be adopted to reduce burden of high 
initial costs on parts of smallholders’ farmers. Moreover, altering social perception to embrace some 
renewable energy technologies may be quite necessary especially in the global south. 
Eventually, performance comparison based on the above literatures is summarized in Table 9. It 
presents an overview of performances among different sustainable energy drying technologies by using 
single and solar hybrid heat sources, which could give the reader a general understanding in agricultural 
drying field.  
 
Table 9. Performance comparison by using different drying energy sources. 
Heat source (s) 
Thermal 
efficiency (%) 
Time savings 
(%) 
Payback period    
(year) 
Solar  15-28 28-32* 0.4-2 
Biomass  31.07-43.08 10-16 <5 
CHP  18-75.25 50-70 1.8-14.3 
Geothermal  20.96-50.36. 45-65 1.85-6 
Solar hybrid 
Solar + fossil 3.17-86 18-25 <5 
Solar + Electricity 18-45 24-31.2 <3 
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Solar + Biomass 6.6-12.9 44-56.5 2-3 
Solar + heat storage 12-69.2 <30 1.37-2.7 
Solar + P/VT 25-70 30-45 3-7 
*Reference drying time against which others are evaluated. 
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